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Abstract
Oxidative stress and aggregation of the protein α-synuclein are thought to be key factors in
Parkinson’s disease. Previous work shows that cytochrome c plus H2O2 causes tyrosine-dependent
in vitro peroxidative aggregation of proteins, including α-synuclein. Here, we examine the role of
each of α-synuclein’s four tyrosine residues and how the protein’s conformation affects covalent
oxidative aggregation. When α-synuclein adopts a collapsed conformation, tyrosine 39 is essential
for wild-type-like covalent aggregation. This lone N-terminal tyrosine, however, is not required for
wild type-like covalent aggregation in the presence of a denaturant or when α-synuclein is present
in non-covalent fibrils. We also show that pre-formed oxidative aggregates are not incorporated into
non-covalent fibrils. These data provide insight as to how dityrosine may be formed in Lewy bodies
seen in Parkinson’s disease.
Parkinson’s disease, the second most common neurodegenerative disorder (1), affects over 1.5
million people in the United States, with over 60,000 new diagnoses each year (2). The cellular
hallmark of Parkinson’s disease is the presence of Lewy bodies, intracellular aggregates of α-
synuclein (3), cytochrome c (4) and other proteins (5–7). α-Synuclein is a 140-amino acid,
intrinsically disordered protein (8) with three distinct regions (Fig. 1A). The N-terminal region
is positively charged, the hydrophobic core (also known as the non-amyloid component)
comprises residues 61–90, and the C-terminal region is negatively charged. Tyrosines are
essential for α-synuclein oxidative aggregation (9). As shown in Fig. 1A, the protein has four
unevenly distributed tyrosine residues, one (Y39) near the N-terminus and three (Y125, Y133,
and Y136) near the C-terminus (the protein has no tryptophan residues). Although disordered,
the protein adopts a compact state (10–13) wherein the charged termini collapse around the
hydrophobic core (Fig. 1B). Little is known about the exact mechanism of Parkinson’s disease
at the molecular level, but both covalent and non-covalent aggregation of α-synuclein are
thought to play a key role (14).
The oxidative stress marker dityrosine is detected in brain hydrolysates of murine models of
Parkinson’s disease (15). Fenton-chemistry based oxidation systems (i.e., a transition metal
plus H2O2) have been used extensively in vitro in attempts to reproduce in vivo covalent
aggregation of α-synuclein, but these systems are probably not accurate mimics (16,17). For
instance, although dityrosine (tyrosines with a covalent bond between the 3/5 carbon atoms)
is observed in Parkinson’s disease models, the covalent aggregation induced by several Fenton
chemistry systems is tyrosine-independent (17). In fact, the HO• generated by Cu2+ plus
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H2O2 impedes dityrosine formation in the Alzheimer’s disease protein, Aβ (16). The
cytochrome c/H2O2 oxidation system (4), which we call the peroxidative system, is a better
model for α-synuclein covalent aggregation for two reasons. First, the peroxidative system
causes tyrosine-dependent covalent aggregation of α-synuclein (9), similar to the dityrosine
seen in murine models of Parkinson’s disease. Second, the peroxidative system causes the
direct transfer of a free radical from cytochrome c to the acceptor protein (18,19) without an
HO• intermediate.
In addition to covalent aggregation, α-synuclein aggregates non-covalently into fibrils. The
α-synuclein fibrils observed in patients with Parkinson’s are linear rods, 5–10 nm in diameter,
much like those seen in other amyloid diseases (20). The fibrils comprise insoluble cross-β-
sheets, and their growth in vitro exhibits a sigmoidal time dependence (21). Prior to fibril
growth there is a lag, the length of which depends on factors such as protein concentration and
pH (22). It is likely that structured intermediates, called nuclei, are required for fibril growth
(23,24). Following the lag is a period of elongation in which fibril concentration increases
exponentially and plateaus (20). Fibril growth can be monitored by using thioflavin-T, which
experiences a shift in its excitation spectrum when bound to β-sheets in fibrils, allowing it to
be selectively excited at 442 nm (25).
Here, we shed light on the process of both peroxidative and non-covalent aggregation of α-
synuclein and how these forms of aggregation may be related. Specifically, we address the role
of each tyrosine residue and show how the protein’s conformation affects aggregation.
EXPERIMENTAL PROCEDURES
Preparation of Wild-Type and Mutant/Variant Recombinant Human α-Synucleins and
Cytochromes
c-Twenty-four human α-synuclein mutants in the pT7-7 vector were created by using a site-
directed mutagenesis kit (QuickChange, Stratagene, La Jolla, CA). The wild-type construct
and the mutants with one, two, or three tyrosine codons converted to phenylalanine codons
were created with and without the valine 3 codon converted to a cysteine codon for labeling
purposes. Additionally, the wild-type construct was created with the valine 66 codon converted
to cysteine codon, also for labeling purposes. Wild-type and variant α-synucleins were purified
as previously described (26) except that the freeze/thaw step was eliminated. Protein
concentration was determined with the Lowry method (27) (Modified Lowry Protein Assay
Kit, Pierce, Rockford, IL) using human recombinant cytochrome c (28) as a standard. After
purification, proteins were aliquoted and lyophilized for storage at −80°C.
Wild-type human cytochrome c in the pBTR vector (28) was produced with and without lysine
39 converted to cysteine for labeling purposes. The cytochrome c variants were purified as
previously described (28). Protein concentration was determined from the absorbance at 410
nm by using a molar extinction coefficient of 106.1 mM−1cm−1 (29). After purification,
proteins were aliquoted and lyophilized for storage at −80°C.
Alexa Fluor Labeling
Sixty nmol of V3C α-synuclein were reacted with 300 nmol of Alexa Fluor 633 C5 maleimide
(Invitrogen, Carlsbad, CA) in 20 mM Tris, pH 7.5 for 2 h at room temperature. The reaction
was allowed to proceed for 18–66 h at 4°C. Unreacted cysteines were blocked with 3 mmol of
iodoacetamide (Sigma, St. Louis, MO). Unreacted dye was removed with a two-step gel
filtration chromatography process. First, the bulk of the free dye was removed by using a
HiTrap desalting column (GE Healthcare, Uppsala, Sweden) in 20-mM phosphate buffer, pH
7.4, containing 150-mM NaCl and 30% v/v acetonitrile. A subsequent, more rigorous,
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purification was performed by using a Superdex200 10/300 column (GE Healthcare) in the
same buffer. Fractions with no remaining unreacted dye were dialyzed (7000 MWCO cassette,
Pierce) into water, aliquoted and lyophilized for storage at −80°C. Alexa Fluor labeling
efficiencies ranged from 31 to 85%, with most variants showing efficiencies between 45 and
55%.
The K39C variant of cytochrome c was labeled and purified in the same way by using Alexa
Fluor 488 C5 maleimide (Invitrogen).
Covalent Aggregation Assays
α-Synuclein (100 μM, 9:1 unlabeled:Alexa Fluor labeled for wild-type), cytochrome c (10
μM, 1:3 unlabeled:Alexa Fluor labeled) and H2O2 (10 mM) were reacted in phosphate-buffered
saline (PBS: 20-mM Na2HPO4, pH 7.4, 150-mM NaCl) at 37°C for 90 min. To compensate
for the varying Alexa Fluor labeling efficiencies of α-synuclein variants, the amount of labeled
α-synuclein was adjusted so that each variant had the same total fluorescence as the wild-type
control sample. Control experiments show that this adjustment does not affect our conclusions.
For the cytochrome c control reaction, 100-μM cytochrome c (100% AlexaFluor labeled) and
10-mM H2O2 were reacted under the same conditions as above. Samples were resolved by
electrophoresis on 10–20% gradient sodium dodecyl sulfate (SDS1) polyacrylamide gels
(PAG) (Criterion, BioRad, Hercules, CA) for 75 min at 200 V. Gels were analyzed for
fluorescence with a VersaDoc MP imager (BioRad) and for total protein content with
Coomassie Blue staining.
Fibril Formation
α-Synuclein (200 μM) in PBS with 1-mM EDTA was shaken at 37°C and 225 rpm for 48 h.
Fibril growth was quantified via thioflavin-T fluorescence in a 96-well plate by using the
VersaDoc MP imager. Cytochrome c (final concentration 20 μM) and H2O2 (final
concentration 20 mM) were added to the reaction either at the beginning or at the end of the
shaking period. Fibrils were separated from α-synuclein monomers and smaller aggregates by
centrifugation at 1.7 × 104 g for 10 min. Fibrils (pellet) and small aggregates (supernatant)
were treated with SDS and boiled for 10 min before being analyzed by SDS-PAG
electrophoresis as described above.
RESULTS
Alexa Fluor labeling and tyrosine-dependent α-synuclein covalent aggregation
Labeling α-synuclein and cytochrome c with different dyes, Alexa Fluor 633 (green) and 488
(red), respectively, allows us to follow each protein. Wild-type and the variant containing no
tyrosines were combined with cytochrome c and H2O2. Fig. 2A shows the results of the reaction
between cytochrome c and H2O2 as a standard. As shown in Fig. 2B, cytochrome c and
H2O2, as well as the tyrosines in α-synuclein, are required for oxidative aggregation. This result
agrees with our previous work with Coomassie Blue and anti-α-synuclein antibody detection
(9). In all peroxidative aggregation reactions, a population of α-synuclein monomer is left
unreacted, even after exposure to additional cytochrome c and H2O2. This result indicates that
some portion of the α-synuclein is rendered incapable of covalent aggregation after exposure
to cytochrome c and H2O2. This effect has also been seen when human neuroglobin is exposed
to peroxide (30). Changing the position of the Alexa Fluor label in α-synuclein from position
3 (Fig. 2B, lanes 1–4) to 66 (data not shown) does not change aggregation. We conclude that
1Abbreviations: PAG, polyacrylamide gel; PBS, phosphate buffered saline; SDS, sodium dodecyl sulfate
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Alexa Fluor labels on α-synuclein and cytochrome c allow facile detection of peroxidative
covalent aggregation of α-synuclein.
Reactivity of the tyrosines in α-synuclein to covalent aggregation
To examine the chemical reactivity of each tyrosine, four variants, each containing only one
tyrosine, were reacted with cytochrome c and H2O2. Our conditions do not promote non-
covalent aggregation of α-synuclein. Fig. 3A shows the reaction between cytochrome c and
H2O2 as a standard. Fig. 3B shows the differing ability of each tyrosine to form inter-molecular
dityrosine bonds. Tyrosines 133 and 136 are the most reactive, as shown by distinct dimer
formation and little α-synuclein degradation. Streaking of the α-synuclein because of random
backbone cleavage and large amounts of degraded α-synuclein indicate that tyrosine 125 is
less able to accept a radical from cytochrome c. Lack of α-synuclein dimer and large amounts
of degradation indicate that tyrosine 39 is the least reactive. Tyrosine 39 is so unreactive that
it does not form an intact heterodimer with cytochrome c as seen in the other variants. Instead,
some of the free radicals generated cause degradation of the heterodimer. In summary, the
chemical reactivities of the tyrosines in α-synuclein to form dityrosines increase in the
following order: 39, 125, 133/136.
Tyrosine 39 is essential for wild-type-like covalent aggregation of native α-synuclein
To determine how each tyrosine contributes to covalent aggregation, seven variants, each
containing two or three tyrosines, were reacted with cytochrome c and H2O2. The conditions
used do not promote non-covalent aggregation of α-synuclein. Fig. 4A shows the reaction
between cytochrome c and H2O2 as a standard. Fig. 4B shows the participation of each tyrosine
in oxidative aggregation. When tyrosine 125, 133, or 136 is removed (Fig. 4B, lanes 3–5),
covalently aggregated species are populated in the same manner as for the wild-type protein
(lane 1). When the least reactive tyrosine, tyrosine 39, is removed (Fig. 4B, lane 2), even-
numbered aggregates (dimer, tetramer, and perhaps hexamer and octamer) are favored over
the trimer. In general, more uniform covalent aggregate populations are observed when α-
synuclein has at least one tyrosine at each end. This observation is supported by the data in
Figure 4C, where variants with tyrosine 39 and one other tyrosine are examined.
Changes in covalent aggregation induced by a denaturant
If α-synuclein were totally disordered, one would expect that wild-type-like covalent
aggregation could be achieved if any two tyrosines are present. However, as shown in Fig. 4,
tyrosine 39 is essential for wild-type-like covalent aggregation. To determine if protein
conformation was the basis of this observation, wild-type α-synuclein or the variant with
tyrosine 39 removed were reacted with cytochrome c and H2O2 in the presence and absence
of the denaturant, guanidine hydrochloride (300 mM). A control experiment (not shown)
illustrates that 300 mM guanidine hydrochloride does not affect radical formation as assessed
by the bands formed in cytochrome c covalent aggregation with and without guanidine
hydrochloride. Coomassie Blue staining was used because guanidine hydrochloride interferes
with Alexa Fluor fluorescence. In the presence of guanidine hydrochloride (Fig. 5B–C, lane
2), large covalent aggregates are more heavily favored for both wild-type and Y39F α-synuclein
compared to the reaction in the absence of guanidine hydrochloride (Fig. 5B–C, lane 1). In
agreement with NMR-based experiments, these data show that α-synuclein must have some
structure that can be destroyed by a denaturant (11).
Fibril formation and oxidative aggregation
To determine if covalent aggregation affects the conformation required for non-covalent fibril
formation, fibrils were grown from the wild-type protein. Coomassie Blue staining was used
because the fibril growth conditions interfere with Alexa Fluor fluorescence. As a control,
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either cytochrome c or H2O2 were added either at the start or end of fibril growth. In each of
these conditions, no covalent aggregates were detected in the supernatant or in the fibrils (data
not shown). Fig. 6B shows the effects of exposing the fibrillization reaction to cytochrome c
and H2O2 at the beginning or at the end of fibril growth. When peroxidation is introduced after
24 h of fibril growth (lanes 3 and 4), the covalent aggregates are observed in both the
supernatant and the fibrils, and a large fibril pellet is observed. When peroxidation is introduced
early, almost no fibrils are formed (as indicated by a miniscule pellet) and there is nearly a
complete absence of covalent aggregates (lane 2). Instead, nearly all of the covalent aggregates
are found in the supernatant (lane 1). Similar results are obtained for the variant containing
only the tyrosine 39 to phenylalanine mutation (although the yield of fibrils is lower).
DISCUSSION
The present studies examine the role of α-synuclein conformation in its peroxidative
aggregation. The conformations of this intrinsically disordered protein have been characterized
by NMR, and the shape shown in Fig. 1B is just one of an ensemble of collapsed conformations
adopted by α-synuclein (11). While the protein does not have a rigid secondary structure, these
conformations have similar characteristics, namely that the charged termini collapse onto the
hydrophobic core. In each conformation, the region surrounding tyrosine 39 abuts the core and
C-teminus. This contact keeps tyrosine 39 partially protected from the solvent, which accounts
for its low reactivity (Fig. 3). NMR-detected amide-proton exchange experiments also show
that tyrosine 39 is protected from the solvent, as indicated by its low exchange rate (31). In
each conformation, the region surrounding tyrosine 125 contacts three other regions (residues
11–13, 30–75, and 78–99) (12). Tyrosine 125 is in a region of increased rigidity compared to
the rest of the protein (11,12,32), although the C-terminus as a whole is comparatively mobile.
This synergy of rigidity and flexibility accounts for the decreased reactivity of tyrosine 125
compared to tyrosines 133 and 136, and its increased reactivity compared to tyrosine 39 (Fig.
3).
The collapsed conformation of α-synuclein explains why at least one tyrosine on each end of
the protein is required to maintain a distribution of covalent aggregates similar to that observed
for the wild-type protein (Fig. 7A). When C-terminal tyrosines from two α-synuclein
monomers react, the collapsed conformation sterically hinders the two remaining C-terminal
tyrosines from reacting (Fig. 7B and 7C). Without a tyrosine near the N-terminus, i.e. tyrosine
39, dimers are favored (Fig. 7B), but once a sufficient population of dimers accumulates, they
tend to form tetramers, hexamers, and higher-order even-numbered aggregates (Fig. 7C). The
lower reactivities of tyrosines 39 and 125 (Fig. 3) explain why variants with only these tyrosines
(Fig. 4C, lane 1) tend to form fewer higher-order covalent aggregates. When α-synuclein is
denatured with guanidine hydrochloride, an N-terminal tyrosine is no longer needed for wild-
type-like covalent aggregation (Fig. 7D) because the three C-terminal tyrosines are more
accessible.
α-Synuclein must undergo a folding event to form an aggregation nucleus (23) before forming
fibrils (Fig. 7E). Covalently cross-linking the protein’s tyrosines prevents it from folding
properly, so that, as shown in Fig. 6, covalent aggregates are not incorporated into fibrils. In
addition, when oxidation is introduced at the start of the fibrillization process, little to no fibril
growth is observed because the concentration of monomer is too low to allow fibrillization in
the time frame of the experiment. Once fibrils have assembled (Fig. 7E), however, the termini
are stacked (33) so that the tyrosines are solvent-exposed and accessible for oxidative cross-
linking2. While tyrosine 39 is essential for fibril formation (34), an N-terminal tyrosine is not
2Footnote: Studies are underway to determine if the covalent aggregation observed when H2O2 and cytochrome c are reacted with fibrils
is tyrosine dependent.
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required for covalent aggregation within fibrils. This observation is similar to that which is
observed when the protein is denatured by guanidine hydrochloride. In summary, our data
indicate that both covalent and non-covalent aggregation of α-synuclein depend on its
conformation and suggest that covalent aggregation occurs in Lewy bodies after the formation
of fibrils
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∝-Synuclein structure and conformation. A schematic representation of α-synuclein’s primary
structure showing relevant regions, net charges, and position numbers (A), and a cartoon of its
collapsed conformation (B). The positions of the tyrosine residues are indicated in green.
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Alexa Fluor labeling detects peroxidative aggregation. (A) Cytochrome c was incubated with
and without H2O2. (B) ∝-Synuclein, either the wild-type protein with the Alexa Fluor label at
position 3 (WT, lanes 1–4), or a no tyrosine variant with the Alexa Fluor label at position 3
(noY, lanes 5–8) were combined with various combinations of cytochrome c and H2O2 for 90
min., separated on a 10–20% gradient polyacrylamide gel, and visualized by fluorescence
(green, α-synuclein; red, cytochrome c).
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Every tyrosine in α-synuclein is reactive, but to varying extents. (A) Cytochrome c was
incubated with H2O2. (B) The wild-type protein (WT) and single tyrosine-containing variants
of α-synuclein were reacted with cytochrome c and H2O2 for 90 minutes, and treated as
described in the caption to Figure 2.
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At least one tyrosine on each end is required for wild-type-like covalent aggregation of
collapsed α-synuclein. (A) Cytochrome c was incubated with H2O2. (B) The wild-type protein
and variants containing three tyrosines or (C) two tyrosines were reacted with cytochrome c
and H2O2 for 90 minutes, and treated as described in the caption to Figure 2. Legend at top
indicates which tyrosines are present in each variant. α-Synuclein aggregate species are
indicated on the right.
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Tyrosine 39 is not required for full aggregation of denatured α-synuclein. (A) Molecular weight
marker. (B) The wild-type protein (WT) and (C) the variant with tyrosine 39 removed (Y39F)
were reacted with cytochrome c and H2O2 in the presence (lanes 2) or absence (lanes 1) of
guanidine hydrochloride. Samples were separated on a 10–20% gradient polyacrylamide gel,
and visualized by Coomassie Blue staining.
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Oxidative aggregation interferes with fibril formation. (A) Molecular weight marker. (B) The
wild-type protein was reacted with cytochrome c and H2O2 before (lanes 1 and 2) or after (lanes
3 and 4) fibril formation. Fibrils were isolated by centrifugation. Fibrils (lanes 2 and 4) and the
supernatant (lanes 1 and 3) were boiled with SDS, separated on 10–20% gradient
polyacrylamide gels, and visualized with Coomassie Blue.
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α-Synuclein conformation and covalent aggregation. When α-synuclein adopts a collapsed
conformation, various covalently aggregated species are more equally populated when at least
one tyrosine is present on each end of the protein (A). Even-numbered aggregates are favored
when tyrosine 39 is removed (B and C). When α-synuclein is completely disordered, the largest
aggregate species are favored, even if tyrosine 39 is removed (D). Covalent α-synuclein
aggregates are unable to fold into the beta-sheet aggregation nucleus, but once the folded
monomers have assembled into protofibrils, the termini are stacked, allowing covalent
aggregation of any of the tyrosines (E).
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